, [2] . These frequency intervals are known as photonic bandgaps, and they are analogous to the electronic bandgaps in semiconductor materials that can be related to the periodic arrangement of atoms on a crystal lattice. The new dielectric materials are often referred to as photonic crystals. Since then, a new field of research has started that seeks to understand the new physics of these materials and to take advantage of the new material properties for making novel optical components [3] , [4] .
Photonic crystals can be incorporated in existing optical components with the purpose of improving their optical properties. An example is the vertical-emitting diodes, where it has been suggested that a photonic crystal material on top of the structure Manuscript received September 24, 2001 ; revised April 8, 2002 . This work was supported by the EU-project PICCO (photonic integrated circuits using photonic crystal optics).
T. Søndergaard improves the extraction efficiency [5] . Photonic crystals are also interesting for making novel cavities and lasers [6] [7] [8] [9] . Components based on photonic crystals draw interest in use for integrated optics because it is possible to confine and manipulate light in a small spatial region. For example, it has been suggested that by using waveguides based on photonic crystals, it may be possible to obtain efficient transmission of light ( 98 ) through sharp bends [10] and branching points [11] . These are important issues for integrated optics, where many optical components should be integrated together in a small spatial region. Waveguides are an essential ingredient for integrating optical components.
Previous theoretical work on photonic crystal waveguides has to a large extent been calculations for two-dimensional (2-D) waveguide structures [10] [11] [12] [13] [14] [15] . For microwave frequencies, transmission through waveguides based on three-dimensional (3-D) photonic crystals has been investigated experimentally [16] . For optical frequencies, researchers presently focus on waveguides based on 2-D photonic crystals.
For finite-height 2-D photonic crystal waveguide structures with a relatively low vertical index contrast there has also appeared experimental work on transmission and propagation losses [17] , [18] , and there have been experimental demonstrations of features from 2-D calculations such as minibands [19] . When operated at frequencies in the bandgap, these waveguides are inherently lossy because the vertical index contrast is not sufficiently high to completely confine the light vertically. However, these losses can be low. Experimentally, losses as low as 11 dB/mm and 20 dB/mm have been reported [17] , [18] . Modeling of these losses is pursued by a number of authors [20] , [21] .
In this paper, we investigate a photonic crystal waveguide design with a relatively high vertical index contrast. Theoretically, photonic crystal waveguides with a high vertical index contrast may support leakage-free bandgap guidance of light. For these waveguides, it is possible to obtain design rules for construction of leakage-free bandgap-guiding waveguides based on 2-D calculations [22] , [23] . Also appearing in the literature are 3-D theoretical calculations for finite-height waveguides [24] [25] [26] [27] [28] .
Finite-height waveguides with air above and below have been explored experimentally by Charlton et al. [29] , [30] and Loncar et al. [31] . Waveguides where one seeks to confine light using a smaller vertical index step have also been explored experimentally by Tokushima In this paper, we investigate theoretically a photonic crystal waveguide based on the semiconductor-on-insulator (SOI) materials system. We have previously developed a technique for obtaining design guidelines for photonic crystal waveguides based on 2-D calculations [22] , [23] . In Section II, this technique is used for obtaining design guidelines for the photonic crystal waveguide.
For a specific structure that has been experimentally fabricated [35] , [36] , 3-D calculations are given in Section III for the dispersion relations and field profiles. The 3-D analysis is compared with the 2-D calculations. The 3-D calculations are further compared with an experimental measurement for propagation losses. The measurements can be explained by theoretically predicted frequency ranges for guidance of light and the calculated vertical localization of the guided modes. The consequences on confinement of light due to the waveguide design being asymmetric are obtained from an analysis of the vertical confinement of the electromagnetic mode fields. The conclusion is presented in Section IV.
II. DESIGN GUIDELINES BASED ON 2-D CALCULATIONS
In this section, design guidelines will be given for the photonic crystal waveguide illustrated in Fig. 1 . The structure of interest is the finite-height waveguide shown in Fig. 1(b) . All calculations in this section will, however, be for the 2-D structure shown in Fig. 1(a) . Design guidelines are obtained for the finite-height structure by comparing the 2-D calculations with dispersion relations for the media above and below the finiteheight waveguide structure.
Consider the 2-D photonic crystal waveguide shown in Fig. 1(a) , where air holes are arranged on a triangular lattice in silicon (dielectric constant 12). We will further assume that there is a layer of silica (dielectric constant 2.1) on the inside of the walls of the air holes with a thickness of , where is the lattice constant of the photonic crystal material. A line defect or a waveguide has been created in the photonic crystal material by removing a row of air holes. Because the photonic crystal waveguide is a periodic structure, the electromagnetic fields can be expanded in Bloch modes on the form (1) where is the position and is a function with the same periodicity as the periodic structure, and there is also a phase factor where is the Bloch wave vector. The banddiagram for the photonic crystal waveguide is shown in Fig. 2 . All calculations presented in this paper have been calculated using plane-wave-expansion theory and a variational principle [37] . On the axis, we have the Bloch wave vector normalized relative to the crystal lattice constant , and on the axis, we have shown the normalized frequency , where is the free-space wavelength.
The banddiagram shows the allowed combinations of Bloch wave vector and frequency for TE-polarized light (electric field in the plane). The shaded continuum corresponds to combinations of wave vector and frequency that are allowed in the photonic crystal material surrounding the waveguide, and this region does not correspond to the guided modes of the waveguide. However, the discrete defect bands correspond to solutions to Maxwell's equations where the fields are localized to the region of the waveguide and these bands represent the guided modes of the waveguide. Note that if a waveguide had not been introduced, the only change in the diagram would be that the discrete bands would not be there and there would be no modes allowed for the frequency range from to . This frequency interval is the photonic bandgap of the photonic crystal material. In this 2-D picture, the defect bands provideinformation on the frequency ranges where the waveguide supports guidance of light. The slope of the bands gives the energy velocity [11] .
A real photonic crystal waveguide such as the one shown in Fig. 1(b) is not a 2-D structure, and it is necessary to take into account the effect of a real photonic crystal waveguide being a finite-height structure. In the finite-height photonic crystal waveguide [ Fig. 1(b) ], a slab of the 2-D photonic crystal waveguide is placed on silica. The air holes also extend into the silica. For the experimental structure [35] , [36] , silica is grown on top of the structure by thermal oxidation. This makes the structure more symmetric in the vertical dimension. Thermal oxidation also makes the silica grow on the inside of the air holes. In the thermal oxidation process, part of the silicon is converted into silica.
Information on the finite-height structure can be obtained from the banddiagram (Fig. 2 ) by plotting the dispersion curve, the silica line, for the silica material with air holes below the slab. All combinations of frequency and wave vector above this line are allowed in the silica material. Consequently, leakage-free confinement of light to the silicon slab in the vertical dimension is only possible if the waveguide structure is operated at a frequency and wave vector below the silica line. Fortunately, in our case there are four defect bands or guided modes that are below the silica line, and we can expect that leakage-free guidance of light is possible for the finite-height waveguide design for an appropriately chosen height of the silicon slab.
If the silica material is replaced by another material with a higher refractive index, it would be necessary to use another dispersion line instead with a smaller slope, and in that case, leakage-free guidance of light for frequencies in the bandgap is not possible if the bandgap is above such a dispersion line. Note that in the case where leakage-free confinement of light is not possible, the losses can still be low.
The position in frequency of the photonic bandgap is important, and this position depends on the size of the air holes . Note that the silica line hits the edge of the banddiagram at a normalized frequency of 0.36, and this frequency may be interpreted as an upper-frequency limit for leakage-free bandgap guidance of light. The upper-frequency limit is specifically related to the diameter , and in general, the upper-frequency limit will depend slightly on .
In Fig. 3 , this frequency limit has been plotted together with the bandgap as a function of the diameter of the holes , and we can see that a large bandgap below the silica limit can be obtained by choosing . Note that in the calculation shown in Fig. 3 , we have taken into account the presence of the layer of glass on the inside of the air holes with a thickness of . For structures where there is no layer of glass on the inside of the air holes, the air holes would overlap for , and in that case, the bandgap for TE polarization would break down almost immediately as the hole diameter becomes (see e.g., [23] ). In the present case, a bandgap exists for somewhat larger values of because there is a layer of glass on the inner walls of the holes.
The size of the air holes obtained from 2-D calculations gives a design guideline for the experimental realization of finite-height waveguides.
To compare 2-D and 3-D calculations, for the 2-D photonic crystal waveguide, we have also calculated the amplitude of the magnetic field squared for the four bandgap-guided modes at . These field profiles are shown as contour plots in Fig. 4 .
III. THREE-DIMENSIONAL THEORETICAL ANALYSIS
In this section, the finite-height photonic crystal waveguide shown in Fig. 1(b) is analyzed by 3-D calculations. The size of holes, height of silicon slab, etc., used for the theoretical 3-D calculations have all been obtained from an experimentally fabricated structure [36] . This leaves no free parameters, and therefore, when we compare the theory with experimental propagation loss measurements later in this paper, note that no parameters have been tuned or fitted to obtain a better agreement. The height of the silicon slab is (240 nm), the size of the holes is (300 nm), and the thickness of the glass layer on the inside of the holes is (50 nm). The dimensions for the holes and glass layer on the inside is the same as for the 2-D calculations presented in the previous section. In the theoretical calculations, we assume that the glass layer with air holes on top of the structure is infinitely thick, i.e., , and we also assume that the air holes are etched infinitely deep into the bottom cladding, i.e., . In the real experimental structure, however, the heights are nm and nm. The banddiagram for the finite-height photonic crystal slab without a line defect or a waveguide introduced is shown in Fig. 5 . Here, the bandstructure is investigated for those Bloch wave vectors that are on the boundary of the irreducible Brillouin zone, shown as an inset in Fig. 5 . The shaded region is the light cone for the silica material above and below the finiteheight photonic crystal slab. All combinations of wave vector and frequency in the shaded region are allowed in the silica material. Confinement of light to the slab requires that we are below the light cone. The modes below the light cone have been divided into even modes (solid lines) and odd modes (dashed lines). In the center plane of the slab, the even modes are polarized in the same way as TE modes for 2-D photonic crystals (the electric field is in the symmetry plane and the magnetic field is perpendicular to the symmetry plane). The odd modes correspond to TM polarization for the 2-D case. Outside this symmetry plane, there is polarization mixing so that, in the 3-D case, we often refer to TE-like modes (even) and TM-like modes (odd), instead of TE and TM, as was appropriate in the 2-D case.
Compared with the 2-D bandgap shown in Fig. 3 , the bandgap has moved up in frequency. For example the lower edge of the TE gap in Fig. 3 is approximately , and in Fig. 5 , the lower edge of the gap in even modes is approximately . Due to the finite height, the fields will be affected by the presence of a material with a lower refractive index above and below the slab. A variational principle can be used for explaining that bands and bandgaps move up in frequency in such cases [3] .
When a linear waveguide is introduced in the structure, the Brillouin zone collapses to a line interval, and the bands must be projected along one specific direction. The 3-D dispersion curves for the finite-height photonic crystal waveguide are shown in Fig. 6 . The shaded regions now correspond either to a continuum of modes allowed in the photonic crystal slab surrounding the waveguide or to the continuum of modes allowed in the silica material above and below the waveguide. The diagram would be similar to Fig. 2 if the region above the silica line were shaded. By comparing with the corresponding 2-D calculation (Fig. 2) , we see that there are now only three bandgap-guided modes, rather than four, as in the 2-D case. The frequencies have also been shifted on the order of 0.04 in normalized frequency units.
In order to emphasize this shift in frequency, some of the bands from Fig. 2 have been included as dotted curves (2D) in Fig. 6 , and arrows indicate the shift when going from the 2-D calculation (2D) to the 3-D calculation (3D). If the height of the silicon layer in the photonic crystal waveguide is decreased, the dispersion relations tend to move up in frequency; if the height is increased, the dispersion relations tend to move down in frequency. The frequency shift, which is approximately 0.04 with the present height, can therefore be increased or decreased by choosing a different height.
The magnetic field squared through the center of the finite-height waveguide is shown for the three bandgap-guided modes in Fig. 7 , and clearly, modes 1 and 2 appear almost identical to the result obtained using 2-D calculations. For the third band, however, some differences are easily seen by comparison, but the overall symmetry has been maintained. Of course, the change in the number of bandgap-guided modes from four to three and the shift in frequency are significant differences between the 2-D and 3-D analyses. Two-dimensional calculations are useful for making design guidelines and have the advantage of being computationally more manageable. Because of the differences between the 2-D and 3-D calculations, the 3-D calculations are necessary when comparing theoretical predictions with experiments to obtain good agreement. Two-dimensional calculations may be sufficient for structures with a low vertical index contrast.
From the banddiagram (Fig. 6 ), we will expect guidance of light for the frequency ranges covered by the three defect bands related to bandgap-guided modes. These frequency ranges have been plotted in Fig. 8 together with experimental propagation loss measurements for the photonic crystal waveguide. The loss measurement was obtained from five waveguides with different lengths, including a 90 bend obtained by gradual rotation of the crystal lattice in the bend region. The waveguides with the bends are described in [35] . The propagation loss per unit length was obtained by comparing the transmission loss for the waveguides with different lengths. The details of the experimental work on propagation losses will be presented elsewhere in [36] .
Almost exactly at the frequencies of the calculated bands 1 and 2, low propagation losses are observed in Fig. 8 . The calculated bands 1 and 2 cover relatively narrow frequency ranges. The measured frequency ranges with low propagation losses are wide compared with the calculation. One possible reason for the difference in width can be slight variations in the size and position of air holes in the structure used for the measurement. A shift in the size of the air holes would result in a shift in frequency for the narrow frequency intervals with leakage-free guidance of light. Alternatively, it may again be noted that the losses are not necessarily high outside the narrow calculated bands.
From the view of the theoretical calculation, one possible drawback of bands 1 and 2 may be that the slope of the bands is small. The energy propagation velocity of the guided mode is proportional to the slope of the band, or equivalently, the effective modal refractive index is inversely proportional to the slope. Therefore, the energy velocity of modes in, e.g., an optical fiber or a ridge waveguide may be much higher compared with the energy velocity of the modes corresponding to bands 1 and 2. The modal refractive index of the optical fiber or ridge waveguide is therefore relatively low compared with that of modes 1 and 2. The impedance mismatch due to the difference in mode index may make coupling of light into the photonic crystal waveguide difficult. The slope of band 3 is relatively large compared with the slope of the bands 1 and 2, and consequently, coupling of light into the waveguide may be easier at the frequencies of band 3 due to the improved impedance match to the modes of, e.g., a ridge waveguide. Unfortunately, at the frequencies covered by the third band, some decrease is observed in the propagation losses, but the losses do not become low.
In order to understand why the losses for the third defect band are not low, we analyzed the vertical localization of the fields in the photonic crystal waveguide. The localization of the electric field squared is illustrated for the three bands in Fig. 9 . The fields have been plotted for a plane defined by the waveguide axis and the out-of-plane direction or direction (see Fig. 1 ). We prefer to use the electric field here instead of the magnetic field because the fields for all three bands have high electric field intensity in Fig. 7 . Amplitude of magnetic field squared for the three bandgap-guided modes in the finite-height photonic crystal waveguide (k3=2 = 0:46). the center of the waveguide; this is not the case for the magnetic fields (see Fig. 7 ).
The localization of the first band in the bandgap is illustrated to the left in Fig. 9 (in field 1) . The shaded region indicates the finite-height silicon slab. Outside the shaded region is the silica material above and below the silicon photonic crystal waveguide slab. From the contour plot, we see that the electric field is well localized. The localization is also studied by plotting the field along the dashed line and the dash-dot line, and we see that, outside the silicon slab, the field decays rapidly. This is also the case for the second band, where we also observed low experimental propagation losses. For the third band, however, the tails of the field extend far into the silica on either side of the silicon slab.
In the theoretical calculation, we assume that the silica on either side extends to infinity. It is necessary to assume that the structure is symmetric in this way because otherwise, the bandgap and leakage-free guided modes do not exist in the first place. For the case of fields 1 and 2 in Fig. 9 , we conclude that the silica layer on top of the silicon photonic crystal slab in the experimental structure does not have to be thick compared with the height of the silicon slab. The silica layer on top has a thickness of approximately 50 nm, which is roughly one-fifth of the height of the silicon slab. This is barely enough for fields 1 and 2 Fig. 9 . Vertical cross section of the amplitude of electric field squared through the center of the finite height photonic crystal waveguide for the three bandgap-guided modes (k3=2 = 0:46). to be only weakly affected by the fact that the real experimental structure is not symmetric. The top layer of silica is, however, not thick enough for the case of field 3 in Fig. 9 . Accordingly, we expect that the third band in the bandgap will be stripped off.
The theoretical calculations suggest that guidance of light for the frequency range of the third band can be made possible by depositing a thick layer of silica (with air holes) on top of the structure. This might be worth pursuing because the calculated frequency range covered by the third band is very broad compared with the frequency ranges covered by bands 1 and 2 and because of the better impedance match for the modes of the third band to, e.g., a ridge waveguide.
IV. CONCLUSION
In conclusion, design guidelines have been obtained for the size of holes in a finite-height 2-D photonic crystal waveguide by comparing 2-D calculations with dispersion relations for the media surrounding the waveguide. Three-dimensional calculations were compared to 2-D calculations, and we found that the number of guided modes changes and the frequencies of the modes are shifted. The distributions of the field for three guided modes calculated using 2-D and 3-D calculations were qualitatively similar. The analysis shows that when comparing theory and experimental results 3-D calculations are necessary to obtain good agreement.
The theoretically predicted frequency ranges, where the waveguide supports leakage-free guidance of light, were compared with experimental propagation loss measurements for the waveguide. Two out of three calculated frequency ranges coincided with low propagation losses, but the calculated frequency ranges were narrow compared with the measured frequency intervals with low propagation losses. This difference in width of frequency intervals can be due to variations in the experimental structure, e.g., fluctuations in the size and position of air holes. However, the difference can also be due to the fact that, although leakage-free guidance is not theoretically possible outside the calculated bands, the losses due to leakage of light are not necessarily high.
Low losses were not observed for the third calculated frequency range. The poor guidance for the third frequency range was explained theoretically by evaluating the vertical confinement of light for the bandgap-guided modes. The glass layer on top of the experimental structure is presently not thick enough for the structure to support guidance for the third frequency range.
